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A B S T R A C T

Two experimental investigations were conducted to characterise the impact of circular cavities on the
streamwise development of a turbulent boundary layer. Hot-wire anemometry was employed to measure the
boundary layer at different streamwise locations along a perforated surface. While the modification of the
boundary layer thickness was negligible, the shape factor increased and the friction coefficient decreased with
respect to the smooth baseline case. The skin friction downstream of the perforations was investigated by
oil droplet interferometry, confirming the skin friction reduction reported in previous investigations. The
contour of the premultiplied energy spectrogram showed a ‘‘two-peaks’’ behaviour, where the inner peak
shifted towards lower wavelengths, 𝜆+𝑋 , and upwards, suggesting that the streaks were shortened and lifted up
by the cavities in the perforated region. The outer peak, can be associated with the enhancement of turbulent
mixing and inner/outer layer interaction. Particle image velocimetry measurements, conducted in a streamwise
plane downstream of the cavities, showed an increased Reynolds shear stress associated with a significant
enhancement of the ejections contribution. A negligible variation in the number of Uniform Momentum Zones
in the presence of cavities was observed, but a reduction in the modal velocity associated with the logarithmic
region would confirm the formation of low momentum pathways. These outer structures play a significant role
in the turbulent mixing enhancement that could be exploited for heat transfer purposes.
. Introduction

Turbulent skin friction reduction or, more broadly, turbulent bound-
ry layer control has been a subject of major scrutiny as wall bounded
lows are predominantly turbulent in most engineering applications.

first approach consists of introducing a passive or active system
hat interacts with the small scales turbulence and interferes with the
ear wall cycle. This approach applies to riblets (Garcia-Mayoral and
imenez, 2011) and spanwise wall oscillations (Jung et al., 1992) and
ecently by sinusoidal riblets (Cafiero and Iuso, 2022). However, the
mportant role of the logarithmic eddies on turbulent skin friction,
specially at high Reynolds numbers, 𝑅𝑒𝜏 > 4000, where 𝑅𝑒𝜏 = 𝑈𝜏𝛿∕𝜈
nd, 𝑈𝜏 , the friction velocity, 𝛿, the boundary layer thickness and 𝜈 the
inematic viscosity, and conversely the decreasing importance of the
ear wall cycle even at moderate Reynolds number (Hwang, 2013), has
een recently addressed and must therefore be accounted in turbulent
oundary layer control strategies (de Giovanetti et al., 2016). At high
eynolds number the near wall cycle is found to be directly influenced
y the outer large-scale structures, namely the hairpins (Gomit et al.,
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2018; Mathis et al., 2009). Modifying the large coherent structures is
in return expected to have an effect on the near wall turbulence and
on the skin friction as demonstrated experimentally by Duvvuri and
McKeon (2016) and Deshpande et al. (2023). In addition, implementing
a surface feature that interacts with large scale structures could be very
beneficial, even at moderate Reynolds numbers, for heat transfer pur-
poses by modifying the momentum exchange in the turbulent boundary
layer.

Large eddy break-up devices (LEBUs) addressed turbulent skin fric-
tion reduction by suppressing large scale structures, inhibiting wall-
normal fluctuations and adding small-scale turbulence. Despite promis-
ing results, recent investigations (Alfredsson and Örlü, 2018) evidenced
that no overall drag benefit can be obtained with such techniques but
suggested the application of LEBUs for heat transfer enhancement.

Among the techniques that modifies the outer scales, uniform blow-
ing has proven to be effective in reducing turbulent skin friction
drag, as demonstrated in both numerical simulations (Kametani et al.,
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2015) and experimental studies (Kornilov, 2015; Hwang and Biesi-
adny, 1997). A wall normal blowing, with a magnitude of approx-
imately 0.1% of the free-stream velocity, enhances the wall-normal
convection (Fukagata et al., 2002) and the energy in the outer scales.
At the same time the uniform blowing increases the Reynolds shear
stress and promotes the formation of an outer peak in the normal
shear stress. An increase of the ejection frequency and intensity in the
buffer layer is documented which is correlated with a wall shear stress
reduction (Kornilov, 2015).

Perforated and dimpled surfaces as a potential technique to re-
duce the turbulent skin friction has been a topic of interest in the
last decades. Due to the size of dimples (diameters of the order of
𝛿) and cavities (diameter approximately 100–300 viscous units) it is
expected that these surfaces interact with outer and logarithmic scales.
Dimples were originally intended for heat transfer enhancement, but
some authors reported promising results on skin friction and total drag
reduction (Tay et al., 2015; van Nesselrooij et al., 2016). However,
the inefficacy of dimples in reducing the total drag has been recently
demonstrated by Spalart et al. (2019) and van Campenhout et al.
(2023) using force balance measurements and large eddy simulations.
This is thought to be due to an increase in the pressure drag contribu-
tion that completely overcomes the skin friction drag benefit. Silvestri
et al. (2017), Gowree et al. (2019) and Severino et al. (2022) explored
the application of circular cavities as turbulent skin friction drag re-
duction technique, however the role of the geometrical parameters,
such as the diameter and the spacing, was ambiguous. Scarano et al.
(2023a) focused on perforated surfaces (cavities of cylindrical shape,
sealed at the bottom) at moderate Reynolds numbers (𝑅𝑒𝜏 < 1100)
highlighting the importance of the open area ratio (OAR), defined as
the ratio between the perforated area and remaining solid surface,
as governing parameter both for the modification of the mean and
fluctuating component of the flow and for the local skin friction. A skin
friction reduction of up to 20% was achievable for the largest open area
ratio (0.47). At least for the highest open area ratio (≥0.32), the cavities
promote the formation of an outer peak in the turbulence intensity and
a ‘‘two-peaks’’ behaviour in the contours of the premultiplied energy
spectrogram. This modification of the turbulent activity is believed to
be associated with a momentum flux and the presence of an additional
streamwise roller in the logarithmic region. This momentum flux is
thought to be responsible for the non-negligible pressure drag measured
experimentally for dimpled surfaces.

However, it is still of a fundamental importance to study the modi-
fication that the boundary layer undergoes when grazing over a per-
forated or dimpled surface. Despite the skin friction drag reduction
being potentially offset by the increase in form drag, if a compromise
between these two drag components is achieved, the resulting turbu-
lence redistribution on such surfaces can be beneficial for heat transfer
applications by limiting the drag penalty. In addition, studying how
cavities influence the turbulent structures and skin friction can be a
useful first order approximation for modelling the physics of more com-
plicated surfaces such as acoustic liners, even in the portion where the
turbulent boundary layer is adapting to the modified surface. Recent
studies by Kim et al. (2020) evidenced stronger inner/outer layer
interaction over porous surfaces associated with enhanced turbulent
mixing and Jaiswal and Ganapathisubramani (2024) underlined that
the effect of permeable wall can also be felt by large-scale structures,
leading to the disappearance of the logarithmic mean velocity law.

A detailed characterisation of just the two-dimensional flow, as well
as the streamwise development of the turbulent boundary layer over
perforated cavities is lacking in the literature. In order to gain deeper
insights into the modifications of the turbulent boundary layer grazing
over cavities, a sufficiently large flow field diagnostics, for instance
through Particle Image Velocimetry (PIV) could offer a better perspec-
tive on the behaviour of the large-scale structures. PIV measurements
of the boundary layer over dimpled surface was conducted by van
2

Nesselrooij et al. (2016), however the study lacked comprehensive
details regarding the modifications of the large-scale structures. It is
therefore difficult to extrapolate their findings to circular cavities, thus
supporting the need for the current study.

The paper is divided as follows: Section 2 outlines the experimental
setup and methods used in this study. In Section 3, the streamwise de-
velopment of the boundary layer statistics and integral quantities from
hot wire measurements, along the perforated surface are presented.
While relying on PIV measurements, in Section 4 we provide quadrant
analysis results for several perforated surfaces and in Section 5 we
highlight the modifications of the uniform momentum zones in the
presence of cavities. Finally, in Section 6, we concluded on the physical
mechanisms entailing turbulent boundary layer grazing over circular
cavities observed so far and made suggestions for future research.

2. Experimental setup

Two separate experimental campaigns were conducted in the low-
speed, closed-loop wind tunnel of ISAE-SUPAERO. The test model is
a 2.5m long, 1.2m wide, horizontally mounted flat plate equipped
with an elliptic leading edge and a flap to ensure a close-to-zero
pressure gradient (acceleration parameter less than 10−7 Patel, 1965).
The boundary layer is tripped using a 780 μm diameter wire placed
downstream of the flat plate leading edge.

The flat plate features a square insert, measuring 𝑙 = 400mm, posi-
tioned 1.1m downstream of the leading edge. This insert is designed to
accommodate panels with a variety of surface characteristics, ranging
from smooth to perforated models. The panels are made of plexiglass in
order to minimise heat transfer between the wall and the hot wire probe
during near-wall measurements. A similar set-up has been utilised in
previous studies (Scarano et al., 2022b,a, 2023a).

The streamwise development of the turbulent boundary layer along
an entire perforated model was characterised at 20m∕s. Here, we will
focus only on the OAR = 0.47, shown in Fig. 1(a) and will be compared
with the smooth baseline case. Intermediate OAR cases have been
treated in Scarano et al. (2023a), and based on the naming convention
adopted there the current test sample corresponds to the d6L11 case.
Along the perforated model the measurements are always taken on the
smooth portion between two adjacent cavities.

Due to the limited streamwise extent of the perforated region and
the high OAR, which imposes a strong surface modification, the flow
is not expected to reach a full equilibrium state on the perforated
surface. Antonia and Luxton (1971) prescribed a development length
of 10 − 15𝛿 downstream of the perturbation to be adequate for the
flow to establish equilibrium. However, according to Gul and Gana-
pathisubramani (2022) high order statistics are expected to take more
than 5−10𝛿 to recover a full equilibrium state. Due to the development
of an internal boundary layer, the deviations occur first close to the
wall and then they extend to a larger wall-normal distance because
of the internal boundary layer growth. Ismail et al. (2018) suggests
that at least 40𝛿 are needed for the statistics to fully recover after the
step change from rough to smooth surface. The equilibrium profile is
recovered quicker for the smooth to rough profiles compared to the
rough to smooth case, where at 𝑥∕𝛿 ≅ 14 it start to approach to those
of the upstream condition (Gul and Ganapathisubramani, 2022).

Several studies that investigated the effect of similar surface mod-
ifications at a comparable friction Reynolds number (Gowree et al.,
2019; Scarano et al., 2022b; Silvestri et al., 2017; Severino et al.,
2022; Cafiero and Iuso, 2022; Scarano et al., 2023b), used a similar
extension of the insert, between 15 and 20𝛿. A demonstration of the
modification of the turbulent boundary layer when subjected to surface
modification both in terms of energy content and integral parameters,
even in the non-equilibrium portion, is believed to be relevant in
several industrial contexts. The lack of asymptotic conditions should
not affect the relevance of the results, as it is often found in real-life
applications, for instance in ablated turbine blades or drone wings,

or the turbulent boundary layer developing in the turbo-fan engine
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Fig. 1. Test model d6L11 used for the streamwise characterisation of the boundary layer (a) and measurements locations for the PIV and hot wire measurements along the
centre-line of the model (red dots are the hot wire measurements for the streamwise characterisation) (b). (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
equipped with acoustic liners, where asymptotic conditions are unlikely
to be reached.

A Dantec 55P15 boundary layer hot wire probe was employed,
with a sampling frequency of 20 kHz. The wire was maintained at an
operating temperature of roughly 230 ◦C, with the overheat ratio of
1.75. The 2D traversing system enables a minimum displacement in
the direction normal to the wall (𝑌 ) of 12.5 μm, which falls within the
range of 0.35 to 0.61 viscous lengths. The measurements are conducted
at several streamwise locations illustrated in Fig. 1(b).

For direct skin friction evaluation of the perforated model, oil
droplet interferometric (ODI) measurements were conducted on the
d6L11 configuration and the smooth baseline case. The ODI is a simple
alternative to the classic oil film interferometry (Naughton et al., 2003;
Naughton and Sheplak, 2002) and it allows to infer the wall shear
stress from the inter-fringe spacing variation in time. Further details
of the technique can been found in Pailhas et al. (2009). The in-house
code developed by Pailhas et al. (2009) has been used for the image
processing. The measurements were performed on the same measure-
ment location as the hot wire boundary layer surveys in Scarano et al.
(2023a), approximately one boundary layer thickness downstream of
the last row of cavities.

A second experimental campaign was conducted to complement
the results reported by Scarano et al. (2023a) with stereoscopic par-
ticle image velocimetry. Several perforated models were tested with
the open area ratio (OAR) ranging from 0.03 to 0.47 for three flow
conditions: 10, 15 and 20m∕s (friction Reynolds number 𝑅𝑒𝜏 of the
baseline case ranging from 620 to 1090, boundary layer thickness, 𝛿,
around 20mm). The reader should refer to Scarano et al. (2023a) for
the models description and to Scarano et al. (2022a) for the baseline
conditions. The measurement plane is positioned parallel to the flow
in the (𝑋𝑌 ) plane. The PIV measurements are performed downstream
of the perforated region along the centreline of the model to cover the
region investigated in Scarano et al. (2023a) (see Fig. 1(b)). A Litron
LDY 304 (527 nm) was used to illuminate the measurement region and
it was shot from the top of the wind tunnel. The seeding was provided
by a TOPAS olive oil atomiser located downstream of the diffuser of the
tunnel. Image pairs were captured from the lateral perspective through
the glass wall, employing a pair of MIRO LAB 340 cameras arranged in
a stereoscopic configuration with a Scheimpflug angle of approximately
3

85°. Each camera has a resolution of 2560 × 1600 and is equipped
with NIKON 300mm f/4 lenses. For calibration, synchronisation and
image acquisition, DANTEC DynamicStudio 6.4 is utilised. During each
acquisition, 1000 statistically independent image pairs were acquired
at 50Hz. The samples were processed using DynamicStudio 6.4’s 2D3C
cross-correlation PIV algorithm. The size of the interrogation window
is iteratively reduced from 64 × 64 pixels to 32 × 32 pixels with a 50%
overlap. This results in a grid of 40 400 vectors within a field of view
(FOV) of 65mm × 45mm. This FOV is then cropped to 45mm × 45mm,
approximately 2𝛿 × 2𝛿. Vectors near the wall are discarded due to
reflections. Further details of the PIV setup can be found in Scarano
et al. (2022a).

3. Streamwise development

The results reported in this section are a comparison between the
d6L11 case (OAR = 0.47, see Scarano et al. (2023a) for details) and the
smooth baseline case at 20m∕s.

3.1. Boundary layer quantities

The streamwise evolution of the boundary layer thickness is shown
in Fig. 2. For the baseline case a mild increase in the boundary
layer is observed when moving downstream and this is due to the
boundary layer developing in the streamwise direction. The perforated
case exhibits a similar increase: the small differences with respect to
the baseline case are thought to be due to the uncertainty in the
measurements calculated following (Titchener et al., 2015).

The streamwise evolution in the shape factor is reported in Fig. 3;
for the baseline case the shape factor remains constant along the entire
model (Fig. 3 (b)) and, for similar values of the momentum thickness
based Reynolds number, 𝑅𝑒𝜃 , a good match with the DNS from Schlat-
ter and Orlu (2010) is recovered. For the perforated case, the shape
factor increases with respect to the baseline starting from one third
of the model (about 5𝛿 downstream of the first cavity). The current
results indicate that a perforated surface can promote a non-negligible
increase in the shape factor, however the value of the shape factor for
all the streamwise locations is nowhere near to that corresponding to
flow separation. In the downstream part of the model, the shape factor
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𝑌

Fig. 2. Streamwise evolution of the boundary layer thickness, 𝛿, at 20m∕s. In blue the
perforated region is reported. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

decreases and then gradually approaches the baseline case value that is
expected to be recovered further downstream, along the smooth portion
of the plate.

In Fig. 4 the 𝑅𝑒𝜃 and the friction Reynolds number, 𝑅𝑒𝜏 , for the
d6L11 case are plotted against the 𝑅𝑒𝜃0 on the baseline case at the
same streamwise location. The perforated wall (d6L11) promotes the
increase in the momentum thickness based Reynolds number along the
streamwise coordinate. A bump along the first portion of the perforated
model in Fig. 4(a) may be associated with the boundary layer not being
yet in equilibrium with the surface. A similar behaviour can be noted
in Fig. 4(b): only above 𝑅𝑒𝜃0 ≅ 3200 (about 8𝛿 downstream of the first
row of cavities) the flow seems to start approaching an equilibrium
along the perforated surface. For 𝑅𝑒𝜃0 > 3200, the rate of increase of
the friction Reynolds number 𝑅𝑒𝜏 is similar with respect to the baseline
case, but the curve is shifted downward whereas the two configurations
do not follow the same trends below 𝑅𝑒𝜃0 ≅ 3200.

3.2. Diagnostic plot

To better underline the state of the turbulent boundary layer when
developing over the cavities, the diagnostic plot is reported in Fig. 5.
It can be noticed that the flow over the cavities cannot be considered
as fully rough but rather transitionally rough. This is because the diag-
nostic plot is only slightly shifted with respect to the smooth baseline
case value and the semi-empirical relation proposed by Alfredsson et al.
(2011) and Castro et al. (2013) which is valid for smooth walls (solid
line in the figure). Another possible explanation for this moderate
shift could be due the decrease of the Reynolds number, 𝑅𝑒𝜏 , with
respect to the smooth baseline case, similar behaviour was reported
by Castro et al. (2013), but their study was only limited to smooth
surface. According to Gul and Ganapathisubramani (2022) for a smooth
to rough step change, the diagnostic plot undershoot the smooth wall
condition while in the current case the opposite trend can be identified
except for the region where 𝑈∕𝑈∞ < 0.5.

The diagnostic plots at different streamwise positions along the
perforated model are also reported: increasing marker size represents
further downstream positions as indicated by the arrow. The first
profiles deviate from the smooth baseline condition while the profiles
downstream of approximately 8𝛿 start to collapse. This can suggest that,
downstream 8𝛿, the flow starts to approach an equilibrium condition
which however is not fully reached due to the limited streamwise extent
4

of the domain.
3.3. Skin friction coefficient

The streamwise evolution of the friction coefficient is shown in
Fig. 6. The baseline case, as well as the first measurement point on
the smooth part upstream of the first row of cavities match very
well the DNS results by Schlatter and Orlu (2010) and the Coles–
Fernholtz relation that applies to smooth walls. This is a confirmation
that, upstream of the perforations, the boundary layer has reached a
developed turbulent state (Kametani et al., 2015).

The friction velocity has been obtained using the Clauser-like
method proposed by Rodríguez-López et al. (2015) while using the
Spalding equation as proposed by Kendall and Koochesfahani (2008).
The method proposed by Rodríguez-López et al. (2015) is reported to
work for adverse pressure gradient or distorted turbulent boundary
layers. It allows a fit without choosing a-priori values of the constant
𝜅 and 𝐵. In the current case the constants are found not to vary with
respect to the canonical boundary layer over the smooth surface. The
fitting technique is used for all the measurements along the streamwise
direction. The profiles taken on the first portion of the perforated
region, where the flow is not in equilibrium with the perforated surface,
exhibit only a short portion of logarithmic region. This leads to a
larger fitting error with respect to the less-distorted profile encountered
further downstream as depicted in Fig. 6 by the larger error-bars in
the measurement along the first portion of the perforated surface. The
direct skin friction measurements obtained with the ODI downstream
of the perforated region are reported in green in Fig. 6 and are found to
be within the uncertainty of the skin friction evaluation obtained using
the fitting technique.

The friction coefficient drops right downstream of the first row of
cavities until it reaches a plateau region at about 𝑋 ≅170mm (about
8𝛿 downstream of the first cavity). The sudden change in skin friction
downstream the abrupt change from smooth to perforated surface can
represent the formation of an internal boundary layer (Gul and Ganap-
athisubramani, 2022). The results show qualitative similarities with the
boundary layer with uniform blowing by Kametani et al. (2015); this
is surprising as already underlined by Scarano et al. (2023a) due to
the different flow mechanisms involved in the presence of the cavities,
despite increasing the inner/outer motion as it will be detailed here-
after, cannot promote a blowing mechanism. What can be underlined
in the figure is that, in contrast with the results by Kametani et al.
(2015), downstream of the perforated region, the friction coefficient
does not recover the baseline condition immediately but remains almost
constant over a streamwise extension of at least 3𝛿. The recovery
distance of the skin friction downstream of the perforated plate could
not be found due to limitations in the traversing and in the limited
streamwise dimension of the test section.

3.4. Premultiplied energy spectra

For the d6L11 case at 20m∕s, the development of the outer energetic
region in the streamwise direction can be observed in the contours of
the premultiplied energy spectrograms shown in Fig. 7. The spectra
are computed using the Welch algorithm with 98 segments, each
employing a window size of 211 samples and a 50% overlap. The non-
dimensional premultiplied spectra are mapped along the wall, 𝑌 + =
𝑈𝜏∕𝜈, and the reduced streamwise wavelength 𝜆+𝑋 = 𝜆𝑥𝑈𝜏∕𝜈, derived

by applying Taylor’s hypothesis and here the turbulence was considered
frozen even on the perforated region. The actual friction velocity is used
to normalise the spectra. Maps are plotted at the streamwise positions
(I) to (VI) over the whole model along the mid-span, as shown in Fig. 7.

At the position (I) the contours of the premultiplied energy spec-
trogram inner peak exhibits a shift towards lower values of 𝜆+𝑋 . This
can be linked to the abrupt change in the boundary conditions at the
leading cavities as it modifies the streamwise streaks coherence. Up
to the position (IV) the spectrum shows a single broader region while
+
𝜆𝑋 is slightly reduced compared to the baseline case but the centre



International Journal of Heat and Fluid Flow 108 (2024) 109486F. Scarano et al.

o

o
s
t
t
c
t

h
i
m
e
t
r
2
l
e
l
a
a
w
(
t
s
t
i

Fig. 3. Streamwise evolution of the boundary layer shape factor at 20m∕s, (a) evolution against the local 𝑅𝑒𝜃 , (b) evolution along the model, in blue at the bottom the extension
f the perforated region is reported. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Fig. 4. Streamwise evolution of the (a) 𝑅𝑒𝜃 , (b) 𝑅𝑒𝜏 of d6L11 plotted against the 𝑅𝑒𝜃0 of the baseline surface at the same streamwise position along the perforated surface, 20m∕s.
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f the hump is shifted upward. Downstream of the cavities (VI) the
pectrum exhibits two peaks. The inner peak has similar 𝑌 + values but
hey are associated with a smaller wavelength, 𝜆+𝑋 ≅ 860 compared to
he inner peak of the smooth baseline. Moreover the smooth baseline
ase does not show any outer region that corresponds to 𝜆+𝑋 ≅ 1850 as
he perforated case does.

The peak position in the spectrum and the associated wavelength
ave been tracked along the streamwise direction, the results are shown
n Fig. 8. The presence of the outer peak has been defined as a relative
aximum in the 2D contour maps that have a value approximately

qual to the inner peak. It can be noted that at the upstream edge of
he perforated area, that is, at the front row of cavities, the cavities
educe considerably the wavelength of the peak. (Shahzad et al.,
023) performed pore-resolved numerical simulations over acoustic
iners having a similar open area ratio of the current investigation. They
videnced a shortening of the streaks with respect to the smooth base-
ine case which was also reported in previous investigations on porous
nd permeable surfaces (Kuwata and Suga, 2016). According to Jaiswal
nd Ganapathisubramani (2024) permeable surfaces break-up the near
all structures reducing the near wall turbulent energy. Shahzad et al.

2023) showed the formation of a distinct additional energy peak in
he spanwise velocity spectrogram at a wavelength equal to the orifice
pacing. It is very interesting to underline that, looking at the Fig. 7(I),
he inner peak wavelength scales with the distance between the cavities
n wall units, 𝐿+ ≅ 500.
5

a

In addition, the inner peak location clearly moves towards higher
alues of 𝑌 + reaching the maximum of, 𝑌 + ≅ 45, at the centre of
he model. As reported by Jaiswal and Ganapathisubramani (2024) for
orous surfaces, the increase in the ‘‘inner peak’’ 𝑌 + in the fore portion
f the perforated plate can be attributed to a roughness sub-layer that
ushes the energetic flow away from the surface. Further downstream,
he inner peak normal-to-wall location approaches that of the baseline
ase. The inner peak wavelength starts to grow downstream of the
erforations but without recovering the wavelength of the baseline
ase.

Manes et al. (2011) associated the increased mixing on porous foams
o Kelvin–Helmholtz (KH) instabilities that occur at the interface of the
orous surface up to 𝑌 ∕𝛿 = 0.1. However (Jaiswal and Ganapathisub-
amani, 2024) did not report KH instabilities in their investigation. In
he current case, a sharp peak that could be associated with a KH-
ike instability is not discernible, however the wavelength is equal to
he spacing between the cavities as reported by Shahzad et al. (2023),
uggesting that the cavities drain energy from the near-wall cycle and
earrange it at a lengthscale that corresponds to the perforated pattern.

The formation of a secondary outer peak in the spectrum starting
rom approximately two thirds of the perforated region (𝑋 ≅ 270mm,
∕𝛿 ≅ 12, described in the figure by the dashed line) is very clear. The
avelength associated with this outer peak increases while approaching
value of about 𝜆+ ≅ 1850. The outer peak wall-normal location
𝑋
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w

Fig. 5. Diagnostic plot for smooth (red square) and perforated model (black triangle),
streamwise evolution for the perforated model, increasing marker size represents more
downstream position also indicated by the arrow. Solid line is the relation by Castro
et al. (2013) valid for smooth walls. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

Table 1
Boundary layer parameters and friction velocity for the smooth baseline and d6L11
case at 20m∕s. Results obtained 1𝛿 downstream of the last row of cavities using hot

ire.
𝛿 [mm] 𝑅𝑒𝜏 𝑅𝑒𝜃 𝐻 𝑈𝜏 (ODI) 𝑈𝜏 (fit) 𝑙+ (fit)

Smooth 22.2 1096 3472 1.38 0.77 0.77 61
d6L11 22.9 963 3633 1.45 0.69 0.67 53

increases further downstream, up to above 𝑌 + ≅ 150. No plateau was
observed within the current measurement domain.

Furthermore, Jaiswal and Ganapathisubramani (2024) observed the
formation of an outer peak in the spectrogram at a similar wall-normal
location to that of the current investigation. They attributed the outer
peak to the formation of very large scale motions (VLSM) on porous sur-
faces. The wavelength of the outer peak is 𝜆+𝑥 ≅ 2000 which corresponds
to 𝜆𝑥∕𝛿 ≅ 2 while (Jaiswal and Ganapathisubramani, 2024) reported
a value between 6 and 10. Despite, this difference in wavelength, the
outer peak can be bear some similarities with streamwise structures
formed over ridge type roughness and is associated with the presence
of a secondary flow (Hinze, 1967).

4. Reynolds shear stress decomposition downstream of the perfo-
rated region

In Table 1 the boundary layer parameters at the streamwise position
of 15𝛿 (1𝛿 downstream of the perforated region, corresponding to the
PIV and ODI measurements) are reported for the smooth baseline case
and for the d6L11 case at 20m∕s. The values include the friction
velocity and the value of the hot wire length in wall units.

The comparison of the statistics between PIV and HWA results for
the d6L11 case (OAR = 0.47) is shown in Fig. 9 for the position
downstream of the cavities. A good match can be observed between the
mean velocity profiles in wall units 𝑈+ (the superscript ‘‘+’’ represents
the normalisation by the actual friction velocity) that exhibits deviation
from the smooth baseline case evident in the wake region as reported
by Scarano et al. (2023a). The PIV results give further confidence in
6

the repeatability of the measurements. What can be highlighted in the
Fig. 9(b) is that, as expected, the Reynolds shear stress increases with
respect to the baseline case in the region where the outer peak of the
standard deviation of the streamwise velocity variance, 𝑢2, is present.
This increase in Reynolds shear stress, 𝑢𝑣+ and the outer peak formation
can directly be linked to the formation of an outer secondary flow
structure. Shahzad et al. (2023) and Kuwata and Suga (2016) showed
that the inner peak in the streamwise variance decreases for acoustic
liners and porous surfaces with respect to smooth walls and scales with
the increased porosity. The attenuation of the near wall peak (both in
the spectrogram and in the variance) is not documented in the current
investigation while a mild increase of the near wall peak with respect
to the smooth baseline case is present. This can be a filtering effect
attributed to the reduction of the wire length in wall units, 𝑙+, for the
perforated condition.

The Reynolds shear stress can be decomposed using the quadrant
analysis according to the sign of the velocity fluctuations (Wallace
et al., 1972; Wallace, 2016). 𝑄2 and 𝑄4 are associated with ejec-
tions and sweeps events and contribute to the largest portion of the
Reynolds shear stress. The quadrant data can be filtered to consider
only the events that contribute significantly to the overall Reynolds
shear stress (Nolan et al., 2010). Only the events that are outside a
region generated by a set of hyperbolas are considered (also called
‘‘hole’’)

|𝑢𝑣| ≥ 𝑇𝐻𝑞 (1)

where the threshold is

𝑇𝐻𝑞 = 𝐻𝑞(𝜎𝑈 ⋅ 𝜎𝑉 ) (2)

and 𝐻𝑞 is a constant. Thus

4
∑

𝑖=1
𝑢𝑣𝑖 + 𝑢𝑣𝐻𝑞

= 𝑢𝑣 (3)

where 𝑖 is the index for the four quadrants.
In Fig. 10 a hole quadrant analysis for the smooth baseline case

(red) and the case d6L11 (black) at 20m∕s is reported. The normal-to-
wall location analysed is 𝑌 + = 200 and corresponds to the peak of the
Reynolds shear stress. Similar results can be obtained from other wall-
normal locations where the Reynolds shear stress increases. Fig. 10(a)
represents the fraction of each quadrant to the Reynolds shear stress
while Fig. 10(b) represents the fraction of duration associated with a
given quadrant. In both cases the effect of varying the constant hole size
𝐻𝑞 is shown. The duration is only slightly affected by the perforations,
but a decrease in the contribution of the sweeps and an increase in
the contribution of the ejections to the Reynolds shear stress can be
highlighted. The results are almost independent of the threshold values
for 1.5 < 𝐻𝑞 < 4 suggesting that the fraction of Reynolds shear stress
due to strong ejections increases and the opposite happens for the
strong sweeps. For 𝐻𝑞 = 0 the fraction of ejections does not vary while
the fraction of sweeps decreases with respect to the smooth baseline.

The percentage variation of the ejection and sweeps fraction com-
pared to the smooth baseline case for 𝐻𝑞 = 2 is shown in Fig. 11.
The ejection fraction increases with OAR with respect to the smooth
baseline case up to a value of about 15% while the sweep fraction
decreases by less than 20%. An increase in the intensity of the ejections
at the expense of the sweeps would confirm the increased vertical mo-
mentum exchange as reported for porous walls (Kim et al., 2020) and
as it was suggested from the spectral analysis. According to Kornilov
(2015), a predominance of the ejections in the buffer region can be
correlated to lower values of wall shear stress while high shear stress
is correlated with downward flow due to sweeps. However, as in the
current case the quadrant analysis is performed only in the logarithmic
region, so it cannot be linked directly with the skin friction reduction.
The enhancement of the upward fluid motion in the logarithmic region
is compatible with the presence of a secondary flow and the outer
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Fig. 6. Streamwise evolution of the friction coefficient obtained with the Clauser’s chart technique at 20m∕s, (a) evolution against the local 𝑅𝑒𝜃 , (b) evolution along the model,
in blue at the bottom the extension of the perforated region is reported. In green the ODI results for the baseline case (square) and the d6L11 (triangle). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
Fig. 7. Streamwise evolution of the contour of the premultiplied energy spectrograms, d6L11 model at 20m∕s; some of the streamwise locations (I) 𝑋 = 2.5𝛿, (II) 𝑋 = 8𝛿, (III)
𝑋 = 10𝛿, (IV) 𝑋 = 12.5𝛿, (V) 𝑋 = 14𝛿, (VI) 𝑋 = 15𝛿.
peak documented in the streamwise evolution of the contours of the
premultiplied energy spectrogram. Again there is significant evidence
that the secondary flow and the enhanced mixing are promoted for
larger OAR.

5. Uniform momentum zones downstream of the perforated re-
gion

In turbulent boundary layers, regions known as uniform momentum
zones (UMZs) can be identified from PIV snapshots. These zones exhibit
consistent streamwise momentum, associated with a modal velocity,
7

𝑈𝑚, and are directly linked with hairpin vortices and hairpin packets.
Details on the procedure to identify the UMZs can be found in Adrian
et al. (2000), de Silva et al. (2016), Thavamani et al. (2020) and
Scarano et al. (2022a).

For a canonical turbulent boundary layer over a smooth surface (de
Silva et al., 2016), as well as for a turbulent boundary layer over riblets
and roughness (Heisel et al., 2020) the average number of UMZs is
observed to correlate log-linearly with 𝑅𝑒𝜏 . Conversely (Thavamani
et al., 2020) reported an increase in 𝑁UMZ of about 33%, in presence of
an APG along with a similar percentage increase of the boundary layer
thickness. The UMZs in the presence of a perforated surface has not
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Fig. 8. Streamwise evolution of the spectrum peak at 20m∕s, (a) wavelength, (b) normal-to-wall location. Solid lines represent the inner peak, dashed line represents the outer
peak.
Fig. 9. Mean streamwise velocity, streamwise and Reynolds shear stress in wall units at 20m∕s, actual friction velocity is used (obtained with the method by Rodríguez-López
et al. (2015) for HWA data and with ODI for PIV data). Comparison of HWA (black) against PIV data (blue) of the d6L11 case (OAR = 0.47) and baseline case (red). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
been addressed so far and can give further insights on the modification
that the turbulent boundary layer undergoes in the presence of circular
cavities.

The PDFs of the number of UMZs for the smooth baseline case and
for various OAR at 20m∕s are reported in Fig. 12(a); the cavities do not
seem to have a significant effect on the PDF of the number of UMZs
detected. In Fig. 12(b), the average number of uniform momentum
zones, 𝑁UMZ, is reported for different OAR at the three flow conditions.
The number of uniform momentum zones deviates only moderately
from the log-linear increase with 𝑅𝑒𝜏 , reported by de Silva et al. (2016).
From Fig. 13(a) it can be inferred that the maximum variation of the
number of UMZs with respect to the smooth baseline is within 6%
and no particular trend with the open area ratio or Reynolds number
can be highlighted. This suggests that the variation of the number of
8

uniform momentum zones is not directly linked with the skin friction
reduction. Further investigations are needed on this topic. Such an
erratic variation of the 𝑁UMZ, which does not correspond to a Reynolds
number (𝑅𝑒𝜏 ) effect, suggests that the influence of the cavities on the
hairpin vortices hierarchical arrangement is rather weak and may be
linked to the negligible variation of the boundary layer thickness.

The snapshots of the smooth baseline case and d6L11 case at 20m∕s
are shown in Fig. 14. The mean separation location and the centroid
of a zone are calculated for each snapshot by a streamwise average
of the separation locations and the mid point between two separation
locations of two adjacent zones. In Fig. 14 the normal-to-wall extension
of the zone 𝑡𝑖 and the position of the centroid are defined. Each zone can
be associated with a value of the average centroid, average thickness
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Fig. 10. Quadrant analysis, (a) fraction of the Reynolds shear stress divided into the quadrant events, (b) duration of the quadrant events, in red the smooth baseline, in black
6L11 (OAR = 0.47), 𝑌 + ≅ 200, 20m∕s. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Fig. 11. Quadrant analysis, percentage variation of the fraction of the Reynolds shear stress with OAR (a) ejections Q2, (b) sweeps Q4, 𝑌 + ≅ 250, 𝐻𝑞 = 2.
Fig. 12. UMZ for the perforated case, (a) PDF of the number of UMZs detected at 20m∕s, (b) average number of uniform momentum zones detected for the three flow conditions.
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nd modal velocity

= 𝑓 (𝑌centr∕𝛿, 𝑈𝑚∕𝑈∞, 𝑡∕𝛿). (4)

The PDFs of the modal velocities of the zones which have the cen-
roid within a certain range of the boundary layer can be determined
nd presented in different form. For instance, the PDF of the centroid
9

ocation is shown in Fig. 15, the three most frequent locations are d
etween 0.1 and 0.2𝛿, between 0.2 and 0.4𝛿 and between 0.4 and 0.6𝛿
hich are used to condition the PDFs (Scarano et al., 2022a).

The PDFs of the overall modal velocities as well as the PDFs of the
odal velocity conditioned at a specific location of the centroid are

hown in Fig. 16. An overall decrease in the modal velocity can be
ighlighted from Fig. 16(a) combined with a decrease in the modal
elocity of the first zone (0 < 𝑌centr < 0.2𝛿) as shown in Fig. 16(b). The

ecrease in momentum in that normal-to-wall region can be identified
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Fig. 13. Percentage variation of the number of UMZs detected with respect to the smooth baseline case (a), fraction of the uniform momentum zones having the modal velocity
larger and smaller than the mean velocity of the baseline case at the centre of the interval considered (0–0.2, 0.2–0.4, 0.4–0.6, 0.6–1 𝑌 ∕𝛿).

Fig. 14. Randomly chosen PIV snapshots, UMZ detection and parameters definition at 20m∕s, (a) smooth baseline, (b) d6L11 (OAR = 0.47), flow from left to right.

Fig. 15. PDF of centroid location of the UMZs at 20m∕s, markers size represents the increasing OAR.
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Fig. 16. PDF of modal velocity at 20m∕s, (a) PDF of all the UMZs detected, PDF of
the modal velocity for (b) 0 < 𝑌centr < 0.2, (c) 0.2 < 𝑌centr < 0.4 and (d) 0.4 < 𝑌centr < 0.6.

n the randomly chosen snapshot of Fig. 14. For the first zone, a
hift in the PDF towards lower values of 𝑈𝑚∕𝑈∞ when the OAR of
he perforations increases is easily identifiable. In addition the PDFs
re wider, the variance of the modal velocity within a normal-to-wall
ange increases, which could be linked with the Reynolds shear stress
ncrease. The second region, 0.2𝛿 < 𝑌centr < 0.4𝛿, shown in Fig. 16(c)
vidences a decrease in the modal velocity compared to the first region.
he same trend with respect to the OAR is visible for the second zone
ut it is less pronounced. The third zone, 0.4𝛿 < 𝑌centr < 0.6𝛿, shown in
ig. 16(d) seems to be unaffected by the perforations.

The fraction of the uniform momentum zones having a modal ve-
ocity larger or smaller than the mean velocity for the smooth baseline
ase at the centre of the wall-normal intervals (0–0.2, 0.2–0.4, 0.4–0.6,
.6–1 𝑌 ∕𝛿) is investigated. The criterion is �̃�+

UMZ if 𝑈𝑚𝑖
> 𝑈 (𝑌c𝑖 )smooth

and �̃�−
UMZ if 𝑈𝑚𝑖

< 𝑈 (𝑌c𝑖 )smooth. The results are reported in Fig. 13(b).
Despite the overall number of UMZS remains unchanged, the fraction
of uniform momentum zones having the modal velocity smaller than
the mean velocity of the smooth baseline case increases with the OAR.

The decrease of 𝑈𝑚 for increasing OAR indicates that the boundary
layer has a lower streamwise momentum in the first zone (which cor-
responds approximately to the logarithmic layer). This result suggests
the formation of a low momentum pathway that is consistent with the
formation of large scale outer streamwise structures and would explain
the enhanced ejections of low-speed fluid. The effect of the quasi-
streamwise structures would then extend up to 0.4𝛿, while it would be
negligible for 𝑌 ∕𝛿 > 0.4.

The modal velocity reduction, associated with the increase in
Reynolds shear stress, is a manifestation of the enhanced mixing in
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the logarithmic region of the boundary layer. As stated by Choi (2002)
in the context of spanwise wall oscillations, enhancing the mixing
of momentum between the low-speed and the high-speed regions
directly influences the skin friction. Such a mixing enhancement can
be beneficial for heat transfer purposes as it advects heat from the wall
towards the outer region.

6. Summary and concluding remarks

The streamwise characterisation of the boundary layer quantities
over the cavity array (d6L11) evidences a negligible variation of the
boundary layer thickness with respect to the smooth baseline case and
a moderate increase in the shape factor and the momentum thickness.
The skin friction decreases with respect to the smooth baseline case
starting from right downstream of the first row of cavities and persists
even on the smooth portion of the model downstream of the last row of
cavities. The skin friction reduction is further confirmed by oil droplet
interferometric measurements performed downstream of the perforated
region. A qualitative similarity of the current results with uniform
blowing by Kametani et al. (2015) is found and this might suggest
the presence of an upward fluid motion induced by the perforations.
A ‘‘two-peak’’ behaviour is found for the largest perforation condition
(d6L11 case) starting from the rear portion of the perforated region.
The quadrant analysis showed that in the outer region, the ejection rate
increases whereas the sweep rate decreases. These modifications are
more pronounced for larger OAR. Negligible differences in the number
of uniform momentum zones are found suggesting that the hierarchical
arrangement of the hairpin vortices is not modified by the cavities.

The presence of a secondary flow and the formation of outer stream-
wise structures is potentially responsible for the upward displacement
of low momentum fluid from the buffer layer into the logarithmic layer.
If on one side the upward momentum transport increases the Reynolds
shear stress and the turbulent kinetic energy in the outer region of the
boundary layer, on the other side, by supplying low momentum fluid
into the logarithmic region, it generates a reduction of the first uniform
momentum zone modal velocity. This is translated into a modification
of the mean flow and of the mean velocity gradient which in turn can
explain the skin friction reduction.

In Scarano et al. (2023a) a similarity between the cavity array and
ridge type roughness was reported. The formation of the streamwise
vorticity and the secondary flow can in fact be due to the intrinsic
surface elevation heterogeneity caused by the cavities that modifies the
distribution of Reynolds shear stress gradients (Kadivar et al., 2021).
According to the UMZs analysis, the effect of the cavity is confined
to the first uniform momentum zone in which the reduced modal
velocity suggests the formation of low momentum pathways, here low
momentum fluid would be advected into the logarithmic region by
streamwise structures. The first uniform momentum zone is indeed lo-
cated where the contour of the premultiplied energy spectrogram shows
the presence of an outer peak that can be linked to a superstructure as
those created by the aforementioned imbalance of shear stress in ridge
type roughness and documented over porous materials (Shahzad et al.,
2023). In addition, the increased contribution of the ejections can be
linked with the presence of a secondary flow which, coupled with the
upward motion of low momentum, enhances the flow mixing and might
play a substantial role in augmenting heat transfer.

As stressed already in Scarano et al. (2023a), the momentum and
vorticity flux induced by the perforations would very likely generate a
non negligible pressure drag that, as for dimples, can completely over-
come the skin friction reduction. Apart from the local drag reduction
benefit, the increase in mixing and consequently enhanced heat transfer
in the outer part of the boundary layer can play a significant role
in passive thermal protection and cooling techniques. Further studies
will have to explore a wider range of Reynolds numbers in order to
extend the application range of the current setup. The near wall region
on top of the cavities should be carefully studied with techniques as

𝜇-PIV and a full direct numerical simulation of the activity inside
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the cavity is necessary to deeply understand the flow topology and
further confirm the hypothesis and conclusions drawn here. Finally,
force balance measurements are a fundamental step in order to evaluate
the total drag benefit or penalty.
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